Introduction
============

Rapeseed (*Brassica napus* L., AACC, 2n = 38), the second most important oilseed crop in the world after soybean, is a recent amphidiploid species originated from a spontaneous interspecific hybridization of *B. rapa* (AA, 2n = 20) and *B. oleracea* (CC, 2n = 18) during medieval times ([@b17-64_321], [@b46-64_321]). This species includes rapeseed, rutabaga or swede, vegetable types and fodder crops ([@b42-64_321]). Rapeseed came into cultivation 400 years ago in Europe and initially formed a winter oilseed rape (OSR) and a spring OSR, which were grown in distinct environments ([@b15-64_321], [@b32-64_321]). Rapeseed was introduced from Europe and indirectly from Japan to China in the 1930--1940s, which was followed by intensive crossing with the Chinese traditional oilseed crop *B. rapa* for adaption to local environments ([@b24-64_321], [@b34-64_321], [@b50-64_321]). The rapeseed cultivated in China is primarily semi-winter, which requires a shorter vernalization period to flower than the winter type.

Although both *B. oleracea* and *B. rapa* have a great diversity of morphotypes with various origins, *B. napus* most likely originated from a few interspecific hybridizations between *B. rapa* and *B. oleracea* ([@b17-64_321]), which led to a relatively narrow genetic diversity. Furthermore, under the strong breeding selection for zero seed erucic acid and low seed glucosinolate content, current oilseed rape cultivars have a narrower genetic basis ([@b2-64_321], [@b8-64_321]). The genetic diversity of semi-winter OSR has been estimated to be lower than those of winter and spring OSR ([@b2-64_321], [@b34-64_321]), however, only a few accessions of semi-winter OSR were used in these studies. Recently, the exchanges of germplasm between China and Europe, Australia and Canada are more frequent than ever before; therefore it is important to understand the genetic bases of these three different types.

Because genetically diverse germplasm is a potentially valuable source for the improvement of pathogen and pest resistance, tolerance to abiotic stresses, and heterosis, significant effort has been made to broaden the genetic base of rapeseed germplasm using different strategies. One strategy is to use genetically diverse germplasm from other geographical regions to cross with the adapted cultivars ([@b35-64_321], [@b36-64_321], [@b47-64_321]). Another strategy is utilization of the diploid progenitor species of *B. napus*, i.e., *B. rapa* and *B. oleracea*, both of which have enormous variability in morphology, agronomic characteristics and stress tolerance ([@b14-64_321], [@b32-64_321]). Introgression of the genomic components of *B. rapa* into *B. napus* has been used in the breeding of numerous Chinese cultivars, as mentioned earlier. Recently, a large-scale and highly efficient method was established to develop new types of *B. napus* carrying genomic components of *B. rapa* via the bridge of a hexaploid (AACCCC) derived from hybridization between *B. napus* and *B. oleracea* ([@b23-64_321]). Resynthesis of *B. napus* using *B. rapa* and *B. oleracea* might be the most extensively adopted method to develop novel *B. napus* germplasm ([@b1-64_321], [@b12-64_321], [@b18-64_321], [@b41-64_321]). The wild *Brassica* species that have the same chromosome number (n = 9) as *B. oleracea*, including *B. incana*, *B. bourgaei*, etc. have also successfully been used to generate resynthesized *B. napus* lines ([@b18-64_321]). DNA molecular marker analysis has revealed that these resynthesized *B. napus* lines are genetically highly divergent from *B. napus* inbred lines/cultivars ([@b1-64_321], [@b13-64_321], [@b18-64_321], [@b41-64_321]). Furthermore, surprisingly high yields were observed in some hybrids resulted from crosses between resynthesized *B. napus* lines and adapted cultivars ([@b12-64_321], [@b18-64_321]). However, so far, the genetic base of these hybrids has rarely been studied.

The objectives of the present study were to (a) compare the genetic diversities of different germplasm types of rapeseed, (b) appraise the genetic basis of a wild *B. oleracea* germplasm collection, and (c) broaden the genetic diversity of rapeseed by crossing with resynthesized *B. napus* and assess their allele variation.

Materials and Methods
=====================

Plant materials
---------------

Eight double haploid (DH) lines derived from geographically different inbred lines of *B. napus* ([Supplemental Table 1](#s2-64_321){ref-type="supplementary-material"}) were employed to screen SSR primers. To investigate the genetic diversity of the A and C genomes of *B. napus*, a total of 248 rapeseed inbred lines collected in the National Mid-term Gene Bank for Oil Crops of China, including 77 winter OSR lines, 107 semi-winter OSR lines and 64 spring OSR lines ([Fig. 1](#f1-64_321){ref-type="fig"}, [Supplemental Table 2](#s2-64_321){ref-type="supplementary-material"}), were used in this study. Based on their origins, 140 lines originated from Asia, 80 from Europe, 15 from Oceania, and 13 from North America. Considering broadening the genetic diversity of rapeseed, the genetic diversity of a collection of 25 wild *B. oleracea* (*B. oleracea* ssp. *oleracea*) lines was evaluated ([Supplemental Table 3](#s2-64_321){ref-type="supplementary-material"}). These wild *B. oleracea* lines were collected from rocky Atlantic coasts of Spain (Bay of Biscay) and cultivated perennially in a glass house of Oil Crops Research Institute, CAAS. A line 'C3-8' of wild *B. oleracea* was randomly selected to cross with a cultivar of *B. rapa*, 'Jingxuanhuangxinwu', to develop a resynthesized *B. napus* line 'Res-1'. Subsequently, Res-1 was crossed as a female parent with five modern cultivars of semi-winter OSR (male parents), and reciprocally crossed with another one modern cultivar, 'Zhongshuang12', of semi-winter OSR to produce F~1~ lines ([Supplemental Table 3](#s2-64_321){ref-type="supplementary-material"}).

DNA isolation and SSR genotyping
--------------------------------

Genomic DNA was extracted from young leaves using the CTAB method ([@b40-64_321]). SSR primer pairs from different resources were used for genotyping. Primers with Ol, Na, BRAS, and CB prefixes were from <http://www.brassica.info/resource/markers.php>, and those prefixed with BnGMS, BnEMS, BrGMS, and BoGMS were developed by Huazhong Agriculture University ([@b6-64_321], [@b11-64_321], [@b21-64_321], [@b22-64_321], [@b48-64_321], [@b52-64_321]).

The genomic DNA of the eight DH lines was used to screen SSR primers. A polymerase chain reaction (PCR) was performed in a reaction mixture of 10 μl containing 10 ng genomic DNA as a PCR template, 0.5 μM of primers, 0.5 U Qiagen Taq polymerase (Applied Biosystems, USA), 1× PCR buffer (Applied Biosystems), and 200 μM of dNTPs. PCR amplification was conducted using touchdown methodology with 3 minutes of initial denaturation followed by 10 cycles of denaturing at 94°C for 30 s, annealing at 60°C for 30 s (temperature reduced by 0.5°C for each cycle) and extension at 72°C for 30 s, then by 30 cycles of 94°C for 30 seconds, 57°C for 30 seconds, and 72°C for 30 seconds with a final extension of 20 min at 72°C. The PCR products were denatured and visualized on 6% denaturing polyacrylamide gel, and only those that could produce less than two amplicons, i.e, two loci, were selected.

The selected SSR primers were labeled by fluorescence-dye 6-FAM and used to amplify the genomic DNA of the eight DH lines again. The PCR products with internal size standard (GeneScan™ 500 LIZ^®^ from Applied Biosystems) were denatured, and capillary electrophoresis was performed on a 3730xl DNA Analyzer (Applied Biosystems). Subsequently, GeneMapper v4.0 (Applied Biosystems) was used for the allele size estimation. The SSR markers whose allelic variations could easily be ascertained were selected and used to analyze the genetic diversity of *B. napus* and *B. oleracea*. Multiplexed analysis by mixing two or three PCR products with significantly different sizes was employed in this study to reduce cost.

The positions of the selected SSR markers on the chromosomes were determined based on previous genetic maps ([@b6-64_321], [@b11-64_321], [@b21-64_321], [@b22-64_321], [@b48-64_321], [@b52-64_321]). For markers that were not located on the existing genetic maps, their chromosome information was inferred by aligning their sequences with the genome sequences of *B. rapa* and *B. oleracea* by using BLASTn (<http://brassicadb.org/brad/index.php>) ([@b5-64_321]).

Data analysis
-------------

For each SSR locus, allelic variations were scored as 1 for presence or 0 for absence of an allele. The number of alleles (Na), gene diversity (D), polymorphism information content (PIC), and Nei's distance ([@b29-64_321]) were estimated using PowerMarker version 3.51 ([@b25-64_321]). The differences in genetic diversity indices between different subgenomes or groups were assessed using one-way analysis of variance (ANOVA) implemented in SPSS 9.0. The expected heterozygosity (He) and observed heterozygosity (Ho) were calculated using Genepop 4.2.2 ([@b39-64_321]). Genepop 4.2.2 was also used to estimate the inbreeding coefficients (F~IS~) ([@b49-64_321]) and perform Hardy-Weinberg equilibrium exact test.

Nei's genetic distance matrix among individuals was used to construct dendrograms using the UPGMA (unweighted pair-group method with arithmetic means) method implemented in PowerMarker, and the dendrograms were drawn using the program MEGA5 (<http://www.megasoftware.net/mega.html>) ([@b44-64_321]). Nei's genetic distance matrix was also imported into the software NTSYS-pc 2.1 ([@b38-64_321]) to perform principal coordinate (PCO) analysis. The 2-D plots were made from the first two eigenvectors.

The software package STRUCTURE v2.3.4 ([@b33-64_321]) was used to infer population structure using a burn-in of 10,000, run length of 100,000, and a model allowing for admixture and correlated allele frequencies. Five independent runs were performed with *K* value (the putative number of genetic groups) varying from 1 to 8. The most likely *K* value was determined by log probability of data (LnP(D)) and an ad hoc statistic *ΔK* based on the rate of change of LnP(D) between successive *K* value, following [@b10-64_321]. Lines with probability of membership ≥0.7 were assigned to corresponding clusters, and those \<0.7 were assigned to a mixed group.

SSR mutation rate was calculated as the number of the mutated alleles divided by the total number of observed alleles. For estimating the SSR mutation rates in resynthesized *B. napus* and the F~1~ lines, respectively, only the alleles mutated in each generation were considered.

Results
=======

Identification of genome-specific SSR markers
---------------------------------------------

According to the results of denaturing polyacrylamide gel electrophoresis and capillary electrophoresis, 43 SSR primer pairs that could produce less than two loci and whose allelic variations could be clearly discriminated were selected ([Supplemental Table 4](#s2-64_321){ref-type="supplementary-material"}). The sizes of the PCR amplicons of 20 primer pairs for the SSR markers located in the C genome were compared in *B. napus* and *B. oleracea*. The primer pairs that could detect a single locus in both *B. oleracea* and *B. napus* were considered to be C-genome-specific. As a result, 18 pairs except for BnEMS0628 and BoGMS0949 were identified ([Supplemental Table 4](#s2-64_321){ref-type="supplementary-material"}). The primer pair BnEMS0628 was reported to detect two loci, BnEMS0628a and BnEMS0628b, on C9 of *B. napus* ([@b48-64_321]), but could be detected only one locus with allele sizes of 267, 271, and 274 bp in *B. oleracea*. The allele sizes of BnEMS0628a included 267 and 271 bp, and those of BnEMS0628b included 258 and 261 bp in 248 inbred lines of *B. napus* ([Supplemental Fig. 1](#s1-64_321){ref-type="supplementary-material"}, [Supplemental Table 4](#s2-64_321){ref-type="supplementary-material"}). Aligning the sequence of BnEMS0628 against the genome of *B. rapa* by BLASTn showed that BnEMS0628 was located on A9 with an allele size of 260 bp. Therefore, we inferred that BnEMS0628a might derive from progenitor *B. oleracea* and BnEMS0628b from *B. rapa*. Using the same method, we inferred that BoGMS0949a is located on C5 and BoGMS0949b on A10 in *B. napus*. Among the 23 primer pairs of SSR markers that were reported to be located in the A genome, 22 pairs with the exception of CB10524 could be detected only one locus ([Supplemental Table 4](#s2-64_321){ref-type="supplementary-material"}), indicating they were A-genome-specific. CB10524 could detect two loci in *B. napus*, including one locus, CB10524a, with allelic variations of 216, 222, and 224 bp and the other no polymorphism locus, CB10524b, with only one allelic variation of 237 bp in 248 inbred lines of *B. napus.* CB10524a was reported to be on A10 of *B. napus*, and because no polymorphism was detected for CB10524b, CB10524b was not used in the present study. Hence, a total of 45 SSR markers, of which 24 markers were A-genome-specific and 21 markers were C-genome-specific, were employed for assessing the genetic diversity of rapeseed in this study ([Supplemental Table 4](#s2-64_321){ref-type="supplementary-material"}).

Genetic structure analysis of the rapeseed inbred lines
-------------------------------------------------------

Clustering inference performed with possible clusters (*K*) from 1 to 8 showed that the most significant change of likelihood occurred when *K* increased from 2 to 3, and the highest *ΔK* value was observed at *K* = 2 ([Fig. 2](#f2-64_321){ref-type="fig"}). Both parameters suggested that the 248 genotypes could be assigned into two groups. Using a probability of membership threshold of 70%, 40 and 103 lines were assigned into the two groups, respectively. The remaining 105 lines were classified into a mixed group. The results of clustering and PCO analysis were incorporated and shown in [Fig. 3](#f3-64_321){ref-type="fig"}. Almost all of the lines in group1 were spring and winter OSR except of one line of semi-winter OSR. The group2 included 72 semi-winter lines, 14 spring lines, and 17 winter OSR lines. The UPGMA dendrogram also displayed two clear clades, one of which was mostly comprised of winter and spring OSR, another of which contained three OSR types ([Supplemental Fig. 2a](#s1-64_321){ref-type="supplementary-material"}). A subtree, consisted of four cultivars developed by Oil Crops Research Institute, CAAS, was consistent with their pedigree ([Supplemental Fig. 2b](#s1-64_321){ref-type="supplementary-material"}), indicating the reliability of the results.

Genetic diversity in the rapeseed inbred lines
----------------------------------------------

In the panel of 248 inbred lines of *B. napus*, a total of 83 alleles were detected at 24 SSR loci with 3.46 alleles per locus in the A genome and 61 alleles at 21 SSR loci with 2.9 alleles per locus in the C genome ([Table 1](#t1-64_321){ref-type="table"}). The mean D and PIC of the SSR markers in the A genome were 0.50 and 0.44, respectively, whereas those of the C genome was 0.43 and 0.36, respectively. For the individual germplasm type, the mean D and PIC in the A genome showed no significant difference, whereas the mean D of semi-winter OSR in the C genome were 0.36, significantly lower than those of the other types in the C genome and those of all types in the A genome ([Table 1](#t1-64_321){ref-type="table"}).

Based on the SSR markers on the A genome, the average genetic distances of pairs of inbred lines within semi-winter OSR (intra-semi-winter OSR) was 0.465, which was significantly higher than those of other intra-groups, whereas, based on the SSR markers on the C genome or all of the 45 SSR markers, the average genetic distance of intra-spring OSR was the highest ([Table 2](#t2-64_321){ref-type="table"}). Among the average genetic distances between pairs of inbred lines from different groups, those of semi-winter OSR vs*.* spring OSR were the highest, i.e, 0.477 for the A genome, 0.411 for the C genome and 0.447 for the whole genome.

Variance of genetic diversity of the C genome in wild B. oleracea and rapeseed
------------------------------------------------------------------------------

The C-genome-specific SSR markers with the exception of BnEMS0628b were used to analyze the 25 wild *B. oleracea* lines. A total of 75 alleles were detected at 20 SSR loci with 3.75 alleles per locus in the C genome, which was significantly higher than the number found in 248 *B. napus* lines ([Table 3](#t3-64_321){ref-type="table"}). Among all of the allelic variations (85) detected in the C genomes of *B. napus* and *B. oleracea*, 10 (10/85 = 11.8%) were unique to *B. napus* and 28 (28/85 = 32.9%) to *B. oleracea*. The mean genetic diversity and PIC of the SSR markers in the 25 *B. oleracea* lines were 0.50 and 0.45, respectively, slightly higher than those in the 248 *B. napus* inbred lines (0.44 and 0.37, respectively). The expected heterozygosities of the *B. oleracea* and *B. napus* inbred lines/culitvars were higher than their observed heterozygosities. Large heterozygote deficit was observed in the *B. napus* inbred lines with *F~is~* of 0.72, indicating a serious inbreeding depression. The *F~is~* of the wild *B. oleracea* was also high as 0.47, showing significant departure from Hardy--Weinberg equilibrium, which might be caused by the small population. The cross of synthesized *B. napus* and rapeseed cultivars significantly increased the genetic diversity, causing the observed heterozygosity higher than expected heterozygosity and *F~IS~* less than 0.

Allele mutation in the resynthesized B. napus and its offsprings
----------------------------------------------------------------

Compared with the alleles in the resynthesized *B. napus* line Res-1and its C genome donor 'C3-8', 4 (10%) mutant SSR alleles were observed in Res-1 ([Table 4](#t4-64_321){ref-type="table"}). Seven F~1~ hybrids were obtained by crossing six modern cultivars of semi-winter OSR and Res-1. Comparing the alleles in the parental Res-1 and modern cultivars with those in F~1~ lines revealed a total of 26 (9.3%) mutant SSR alleles in the generation of F~1~ lines. Different combinations had different rates of SSR mutation. The highest rate, 20%, was observed in the F~1~ lines of 'Zhongshuang12 × Res-1' and 'Res-1 × Zheyou17', whereas there were no SSR mutations in two F~1~ lines of 'Res-1 × Huyou21' and 'Res-1 × G142'. Different rates of SSR mutation were also observed in the F~1~ lines of the reciprocal cross between 'Zhongshuang12' and 'Res-1'. F~1~ of 'Res-1 × Zhongshuang12' exhibited a mutation rate of 15.0%. Random mutations, including insertions or deletions of different repeats of motifs, occurred in each SSR marker in the F~1~ lines ([Table 5](#t5-64_321){ref-type="table"}). The locus CB10369 with motif of GAT had the highest mutation rate of 29.4%. Noticeably, an insertion and a deletion of 20 motifs were observed at the locus of BnGMS631 in two F~1~ lines.

Discussion
==========

Because the amphidiploid *B. napus* contains two homologous but divergent A and C genomes that had been triplicated relative to *A. thaliana* ([@b7-64_321], [@b45-64_321]), multiple loci are usually detected by a pair of SSR primers ([@b6-64_321], [@b22-64_321], [@b31-64_321]). In the process of analyzing multi-locus SSRs, it is usually difficult to assign alleles to specific loci, which easily results in ambiguous genotyping. In the present study, we screened 41 high-quality primer pairs of single-locus SSRs using both denaturing polyacrylamide gel electrophoresis and capillary electrophoresis. According to the previous genetic maps and allele sizes of the SSRs detected in *B. napus* and *B. oleracea* and those estimated in *B. rapa*, the alleles were precisely assigned to specific SSR loci. Due to the limited number of primer pairs of single-locus SSRs, those of double-locus SSRs were also considered. It was estimated that approximately 35.9% SSR primers could produce two amplicons ([@b22-64_321]). Using this method, the abovementioned shortcoming of double-locus SSRs could be overcome and more SSR primers could be used for detection of genome-specific allelic variation and population genetics studies.

The 248 inbred lines were classified into two groups using the STRUCTURE, which was consistent with the results of [@b50-64_321]. One group mainly consisted of semi-winter OSR, and partial of winter and spring OSR as well, which is reasonable since the semi-winter OSR was genetically derived from winter and spring OSR. However, in another group only one line of semi-winter OSR was comprised and other lines were winter or spring OSR, indicating that these germplasm resources were nearly not utilized in the breeding of semi-winter OSR cultivars. We also observed that some spring OSR lines and winter OSR lines did not show distinct clustering which might be due to relatively short history of domestication of rapeseed ([@b15-64_321], [@b32-64_321]) or the mutual introgression between different gene pools ([@b3-64_321], [@b37-64_321]). These results also suggested that population structure had not strong contribution to the genetic differentiation between the three germplasm types in our rapeseed collection. However, these three germplasm types were usually regarded to be distinctly different types according to their growth habit and different geographic distribution, and in previous studies, comparisons of the genetic diversities in these three types were often performed ([@b2-64_321], [@b34-64_321]). Therefore, the genetic diversities of the three germplasm types were compared in our study.

Using the selected 45 SSR markers, a total of 144 alleles with an average of 3.16 alleles per locus were detected in 248 rapeseed inbred lines. The number of alleles per locus was similar to that detected in 192 rapeseed inbred lines by [@b50-64_321] but lower than that detected in 509 *B. napus* species-wide inbred lines ([@b2-64_321]), which might be due to more germplasm types, including fodder, swede, and vegetable types, being included in the materials of that study. The availability of genome-specific primer pairs makes it possible to assess genetic diversity separately for the A and C genomes. The average number of alleles per locus, genetic diversity, and PIC of the markers on the A genome were slightly higher than those on the C genome for the entire germplasm set as well as three germplasm types. This result is consistent with previous studies ([@b2-64_321], [@b20-64_321]), which might be explained by more natural or artificial introgression to the *B. napus* from *B. rapa* than from *B. oleracea*. The interspecific crosses between *B. napus* canola and *B. rapa* occur readily, while those between *B. napus* and *B. oleracea* more difficultly ([@b28-64_321]). The genetic diversity indices of different germplasm types vary significantly ([@b2-64_321], [@b8-64_321], [@b16-64_321]); however, that of the semi-winter type has seldom been studied. Although 139 lines from China were used in the materials of [@b50-64_321], as the pedigree information of many inbred lines was unknown, the genetic diversity values of the semi-winter type were not compared with other types. The present study showed that the genetic diversity of the C genome for the semi-winter type was the lowest, which might be due to its short cultivation history of only approximately eighty years ([@b24-64_321]). These results suggest that the genetic diversity of the C genome should be broadened, especially for the semi-winter type. Interestingly, the genetic diversity of the A genome in the semi-winter type was significantly higher than those in both spring and winter OSR and might be explained by the fact that the Chinese *B. rapa* was intensively introgressed into *B. napus* as mentioned earlier ([@b24-64_321], [@b34-64_321], [@b50-64_321]). Since the Chinese traditional oil crop *B. rapa* has much longer evolution and domestication history than that of *B. napus*, the semi-winter OSR might have some unique characters which might be introgressed into the breeding gene pools in other counties. For example, a cultivar Zhongyou821 was regarded to have strong resistance to *Sclerotinia sclerotiorum*, and this cultivar was extensively studied ([@b54-64_321], <http://www.canolacouncil.org/media/504998/randy_kutcher.pdf>).

The C genome of *B. napus* is closely related to that of *B. oleracea* and its related wild types, such as *B. incana*, *B. bourgeaui*, *B. montana*, etc. ([@b27-64_321]). All of them have the same chromosome number and show a wide range of morphological and genetic diversity ([@b14-64_321], [@b27-64_321], [@b32-64_321]). The present study revealed that the genetic diversity of only 25 wild lines of *B. oleracea* was higher than that of 248 lines of *B. napus*, indicating the enormous potential of *B. oleracea* and its related wild types for broadening the genetic base of the C genome of *B. napus*. The resynthesized *B. napus* lines derived from an artificial cross between the parental species *B. rapa* and *B. oleracea* and its closely related wild types have been used for many years to broaden the genetic diversity of *B. napus* ([@b1-64_321], [@b13-64_321], [@b18-64_321]). However, only the genetic diversity of the resynthesized *B. napus* was studied in those works. In the present study, we noticed that not only the introgression of allelic variations in *B. oleracea* through resynthesized *B. napus* but also the SSR mutations that occurred in the process of development of resynthesized *B. napus* and its successive generations obviously widened the genetic base of *B. napus*. The SSR mutations appeared to be random, and 0--20% mutation rates were observed in resynthesized *B. napus* and its F~1~ lines derived from crossing with other cultivars. No SSR mutations were observed in two F~1~ lines, which might be due to the nature of random SSR mutation and the limited number of SSR markers used in this study. SSRs are tandem repeats of a basic motif (1--6 bp) and exist throughout the genome. Such genomic regions are intrinsically instable and prone to mutation by mechanisms of replication slippage or unequal crossing over ([@b9-64_321]). Mutation rates have been estimated for a variety of crop plants, ranging from 0 to 5 × 10^−3^ per locus per generation ([@b26-64_321]). Exposed to external stresses such as irradiation, oxidative damage, in vitro culture etc., will increase SSR mutation rates. For example, in a DH population of *B. rapa*, a 1.9% mutation rate was observed ([@b53-64_321]); However, 31.3% novel SSR mutations were revealed in a recombinant inbred line (RIL) population of *B. napus* with substantial A genome introgressions from *B. rapa* ([@b55-64_321]), indicating that interspecific hybridization significantly increases the SSR mutation rate. In present study, the highest mutation rate was 29.4% per locus per generation. These high-rate SSR mutations are obviously different from those occurred in generations derived from self-cross. It was revealed that the number of genomic rearrangement events and the number of novel SSR variants were positively correlated, and the novel genomic variations were associated with a higher number of QTLs for agronomic traits in the RIL population than the alleles alone that were introgressed from the A genome of *B. rapa* ([@b55-64_321]). A high frequency of structural genomic changes has been observed in early generations of the resynthesized *B. napus* ([@b43-64_321], [@b51-64_321]), which can lead to altered gene expression ([@b4-64_321], [@b30-64_321]) and proteomic changes ([@b19-64_321]). To our knowledge, the present study is the first to detect the averagely high rate of allele mutation in the resynthesized *B. napus* and its F~1~ hybrids. These allele mutations might be associated with genomic rearrangement, which, along with the allele introgression and effects of heterosis, might collaboratively contribute to the surprisingly high yield of the hybrids derived from the resynthesized *B. napus* lines and the adapted cultivars which was observed in previously studies ([@b18-64_321], [@b47-64_321]).
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![Analysis of the population structure of 248 rapeseed accessions by STRUCTURE. a. Estimated LnP(D) of possible clusters (*K*) from 1 to 8; b. *ΔK* based on the rate of change of LnP(D) between successive *K*; c. Population structure based on *K* = 2. Each individual is represented by a thin vertical line, which is partitioned into red and violet segments that represent the individual's estimated membership fractions in two clusters. Black lines separate individuals of different germplasm types, which are labeled below the figure.](64_321_2){#f2-64_321}

![Principal coordinate (PCO) analysis of 248 rapeseed lines based on 45 SSR marekers. PCO1 and PCO2 are the two first principal coordinates and the proportion of variance explained by these coordinates is indicated in parentheses. Colors represent groups defined by STRCTURE and symbols represent germplasm types.](64_321_3){#f3-64_321}

###### 

Number of alleles (Na), genetic diversity (D), polymorphism information content (PIC) between A and C genomes for 248 *B.napus* inbred lines based on 45 SSR markers

  Genome     Genetic group     Na   D      PIC                                        
  ---------- ----------------- ---- ------ -------- ------------ ------- ------------ --------
  A Genome   Semi-winter OSR   80   2--6   3.33a    0.12--0.69   0.50a   0.11--0.64   0.43a
             Spring OSR        79   2--6   3.29a    0.21--0.76   0.49a   0.19--0.73   0.43a
             Winter OSR        80   2--6   3.33a    0.22--0.77   0.48a   0.19--0.73   0.42a
             Total             83   2--6   3.46a    0.17--0.74   0.50a   0.16--0.70   0.44a
  C Genome   Semi-winter OSR   54   2--4   2.57b    0.08--0.70   0.36b   0.07--0.65   0.30b
             Spring OSR        59   2--5   2.80ab   0.08--0.67   0.45a   0.08--0.63   0.37ab
             Winter OSR        59   2--5   2.81ab   0.19--0.67   0.46a   0.18--0.61   0.38ab
             Total             61   2--5   2.90ab   0.17--0.69   0.43a   0.16--0.63   0.36ab

Mean values marked with the same letter are not significantly different (P = 0.05).

###### 

The genetic distance in intra-group and inter-group calculated by Nei's method ([@b29-64_321]) based on 45 SSR markers

  Genetic group                    A genome         C genome   A and C genome                                                              
  -------------------------------- ---------------- ---------- ---------------- ---------------- ------- ------- ----------------- ------- -------
  Intra-group                                                                                                                              
  Semi-winter OSR                  0.465 ± 0.100e   0.804      0.066            0.343 ± 0.115a   0.799   0.015   0.409 ± 0.083a    0.722   0.071
  Spring OSR                       0.447 ± 0.108c   0.882      0.100            0.407 ± 0.119c   0.815   0.083   0.428 ± 0.090bc   0.752   0.118
  Winter OSR                       0.420 ± 0.100a   0.790      0.155            0.400 ± 0.114b   0.805   0.069   0.411 ± 0.083a    0.760   0.144
  Inter-group                                                                                                                              
  Semi-winter OSR VS. Spring OSR   0.477 ± 0.108f   0.894      0.123            0.411 ± 0.131c   0.865   0.031   0.447 ± 0.096d    0.826   0.157
  Semi-winter OSR VS. Winter OSR   0.460 ± 0.097d   0.845      0.142            0.394 ± 0.117b   0.815   0.017   0.430 ± 0.081c    0.745   0.125
  Winter OSR VS. Spring OSR        0.441 ± 0.105b   0.871      0.115            0.407 ± 0.114c   0.823   0.081   0.425 ± 0.085b    0.784   0.163

Mean ± SD values marked with the same letter are not significantly different (P = 0.05).

###### 

Number of alleles per locus (Na), genetic diversity (D), polymorphism information content (PIC) of the 20 SSR markers on C genome in *B. oleracea* and *B. napus*

  Genetic groups                   Na   D      PIC      Heterozygosity   *F~IS~*[b](#tfn4-64_321){ref-type="table-fn"}                                       
  -------------------------------- ---- ------ -------- ---------------- ----------------------------------------------- ------------ -------- ------ ------ --------
  *B. oleracea*                    75   1--9   3.75c    0--0.76          0.50b                                           0--0.74      0.45b    0.52   0.27   0.47\*
  Inbred lines of *B. napus*       59   2--5   2.95b    0.16--0.66       0.44ab                                          0.15--0.60   0.37ab   0.44   0.13   0.72\*
  Modern cultivars of *B. napus*   42   1--3   2.10a    0--0.63          0.38a                                           0--0.55      0.31a    0.41   0.13   0.69\*
  F~1~ of *B. napus*               49   2--4   2.45ab   0.13--0.66       0.44ab                                          0.12--0.59   0.37ab   0.48   0.68   −0.46

The values marked with the same letter are not significantly different (P = 0.05).

Asterisks indicate significant departure from Hardy--Weinberg equilibrium (P = 0.05).

###### 

SSR mutations rate occurred in resynthesized *B. napus* and each F~1~ line derived from resynthesized *B. napus* and modern rapeseed cultivar

  Materials                         Number of loci[a](#tfn5-64_321){ref-type="table-fn"}   Number of mutations   Number of alleles   Mutation rate (%)
  --------------------------------- ------------------------------------------------------ --------------------- ------------------- -------------------
  Res-1                             20                                                     4                     40                  10.0
  Res-1 (♀) × Zhongshuang12 (♂)     20                                                     6                     40                  15.0
  Zhongshuang12 (♀) × Res-1 (♂)     20                                                     8                     40                  20.0
  Res-1 (♀) × Gaoyouzhongshuang11   20                                                     1                     40                  2.5
  Res-1 (♀) × Huyou21 (♂)           20                                                     0                     40                  0.0
  Res-1 (♀) × H40 (♂)               20                                                     3                     40                  7.5
  Res-1 (♀) × G142 (♂)              20                                                     0                     40                  0.0
  Res-1 (♀) × Zheyou17 (♂)          20                                                     8                     40                  20.0
  Total of F~1~ lines               140                                                    26                    280                 9.3

The 20 C-genome specific markers were used in this study.

###### 

Mutation rate of each microsatellite locus in 7 F~1~ lines derived from resynthesized *B. napus* and modern rapeseed cultivars

  Locus[a](#tfn6-64_321){ref-type="table-fn"}   Total number of observed alleles   Motif   Mutations[b](#tfn7-64_321){ref-type="table-fn"}        Total number of mutations   Mutation rate (%)
  --------------------------------------------- ---------------------------------- ------- ------------------------------------------------------ --------------------------- -------------------
  BnEMS0158                                     14                                 AGA     −3                                                     1                           7.1
  BnEMS0628                                     14                                 AG      −1, +1                                                 2                           14.3
  BnGMS3                                        14                                 CTT     −2, +10                                                2                           14.3
  BnGMS509                                      14                                 AG      +1                                                     1                           7.1
  BnGMS631                                      14                                 TA      −20, +20                                               2                           14.3
  BnGMS633                                      14                                 AT      −1                                                     1                           7.1
  BoGMS0486                                     14                                 ATT     +3                                                     1                           14.3
  BoGMS0738                                     14                                 TCT     +2                                                     1                           7.1
  BoGMS0949                                     14                                 TC      +1                                                     1                           7.1
  BoGMS1909                                     14                                 AT      +2, +7                                                 2                           14.3
  BoGMS2095                                     14                                 AT      +4                                                     2                           14.3
  BoGMS2499                                     14                                 AG      −9                                                     1                           7.1
  CB10258                                       14                                 CAT     −1, +2                                                 2                           14.3
  CB10320                                       14                                 CT      −3, +3                                                 2                           14.3
  CB10369                                       14                                 GAT     −3[c](#tfn8-64_321){ref-type="table-fn"}, +3, +6, +9   5                           29.4

The loci that no mutations were observed were not listed.

The positive value indicates motif insertion and the negative value indicates motif deletion.

The same motif deletions were observed in two F~1~ lines.

[^1]: Communicated by T. Nishio
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